ABSTRACT Two selected sites at a decomposed granite cut-slope were instrumented with a rain gauge and a series of ThetaProbes installed at depths up to 90 cm from the slope surface. The objective of this study was to evaluate the significance of antecedent soil moisture conditions in controlling the hydrologic responses of the soils at each site. The antecedent moisture content of the soil in Site #1, in general, increases with depth. The response of the soil to saturation process is more or less confined to the shallow depth. On the other hand, the measurement data of the soil in Site #2 showed that the near surface soil exhibits higher antecedent moisture condition than the deeper soil. The ingress of the wetting front could reach more than 90 cm depth during long period of rainfall. Thus, these results suggest that the hydrological response of the soils is spatially variable and is influenced by the antecedent soil moisture conditions within the soil profile. The presence of soil layers, the distribution of macro cracks within the soil profile, and additional lateral source of moisture may also have significant influences on soil response to saturation process.
ABSTRAK

INTRODUCTION
Many steep residual slopes are susceptible to landslide during or immediately following heavy rainfall. Because the failures often mobilize into debris flow capable of traveling large distances, they pose significant hazards to human lives and infrastructures.
In order to understand the hydrologic condition leading to landslide initiation, numerous studies have focused on the hydrologic response of a soil slope to rainfall (Johnson and Sitar, 1990; Anderson and Thallapally, 1996; Fannin and Jaakkola, 1999) . Their studies indicate that the hydrologic response of soil slopes to rainfall was highly dependent on antecedent moisture conditions, and tends to be influenced by sitespecific conditions. This paper presents the results of a field instrumentation program aimed at monitoring the hydrologic response of a decomposed granite cut-slope in Okayama, Japan. The monitoring program was carried out on a stable slope portion and above a recent failure main scarp. For the purpose of evaluating the importance of antecedent moisture conditions, the instrumentation used was capable of performing direct monitoring of volumetric water content conditions in response to rainfall. Given to the remote nature of location, the instrumentation was manufactured for automated data acquisition. Specific objectives of the study were to (i) identify the typical characteristics of hydrologic response of each slope portion, (ii) evaluate the importance of antecedent moisture condition in hydrologic response of each slope portion, and (iii) contrast factors controlling the hydrologic response of the slope.
MATERIALS AND METHODS
Site Characteristics
The instrumented site is located in the north of Okayama city, Japan. The slope has an angle of 55 degrees and is approximately 9 m high. During a significant period of rainfall event in June 2001, a landslide occurred on the lower boundary of recent cut-slope, involving 1.5 m thick of decomposed granite. One week prior to the event, moderate rainfalls occurred in this site, resulting in an antecedent total precipitation of 45 mm. The onset of 20-hour rainfalls occurred between 19 and 20 June, with a total precipitation of 94.5 mm and maximum intensity of 9.5 mm/hr. Although a precise time of failure was unknown, the failure is likely to occur during this sustained period of heavy rainfall.
Field observations of the failed slope portion after the landslide found numerous fractures within the weathered granite at the depth >0.4 m from the slope surface ( Fig. 1) . Water was observed to be seeping out from the fractures. Water seepage was also observed at the stable slope left to the failure area after a particular heavy rainfall period. Undisturbed soil samples were collected from both failed and stable slope portions (Fig.2) . The soils taken from the stable slope portion (Site #1), were characterized by higher degree of saturation of deeper soils (75-87%) compared with shallower soil (58-65%). The in-situ porosity of the soils is not uniformly distributed, ranging between 36% and 38.5%. Meanwhile, the soils taken from the unstable slope (Site #2) were characterized by higher degree of saturation of shallower soils (85-88%) compared to deeper soils (81%). The porosity of the soils varies with depth, ranging from 36% to 40%. Tables 1 and 2 show the summaries of the soil properties for each site. 
Field Instrumentation
A detailed instrumentation scheme was implemented to monitor the variation of moisture content with time and precipitation. The instrumentation consisted of a series of soil moisture content sensors, a rain gauge, and an automatic data-acquisition system.
Moisture content measurement
Because of their reliability, precision and ease of use with free maintenance for long-term measurement of soil volumetric moisture content, two ML1 and five ML2x-UM1.21 ThetaProbe sensors manufactured by Delta T Devices were used in this study (Fig. 3 ). This type of instrumen has proven very effective in other studies of soil moisture conditions in-situ (e.g., Miller and Gaskin, 1997) .
A hole was created perpendicular to the slope surface for each ThetaProbe sensor using a 5.6 cm diameter hollow tube. The tube was driven perpendicular to the slope surface into the ground to a depth about 6 cm less than the depth of measurement point. The ThetaProbe sensor was inserted in the hole, and pushed 6 cm into the soil. An extension tube was used to ease installation at the depth greater than 10 cm. Care was taken not to exert excessive forces during the insertion, which could cause bending in the rods. Upon the completion of the installation, a gypsum seal was poured into the space around the probe body and extension tube to prevent any surface water from running down the probe shaft.
Precipitation measurement
A tipping-bucket rain gauge housed within an aluminum cylinder calibrated to measure rainfall in increment of 0.5 mm was used to monitor precipitation. The gauge had an orifice diameter of 20 cm and was elevated approximately 75 cm above the ground surface. Care was taken to place the rain gauge so that obstruction would not influence precipitation measurements. The gauge was located at the bench of the stable slope right to the failure zone about 6.5 m from the slope toe.
Data acquisition system
The data-acquisition system is solar powered and capable of continuous monitoring and remote downloading of data. The data logger was set to record and store moisture content and comparative precipitation data every 10 minutes. The data were automatically downloaded into a contactless memory card and were collected from the field site every 10 days.
Instrumentation Lay-Out
Site #1 (stable slope portion)
During the summer heavy rainfall of 2001, the monitoring program was focused on a stable slope portion of the cut-slope. Two ThetaProbe nests were installed along a section of the lower portion of the stable cut-slope. Each nest consisted of a group of ThetaProbe sensors installed within 1 m radius to different depths (Fig. 4) . The objective was to identify any difference in magnitude and timing of the response along the slope profile.
Nest 1 was located just above the slope toe, and consisted of four ML2x-UM-1.21 ThetaProbe sensors installed to the depth of 12.5, 26, 51.5, and 77.1 cm from slope surface on 12 July 2001. Meanwhile nest 2 comprised two ML1 ThetaProbe sensors at the depths of 12.5 and 26 cm, and one ML2x-UM-1.21 ThetaProbe sensor installed at the depth of 51.5 cm. The data were gathered from these sensors through the beginning of October 2001. All the sensors were removed from the site on 3 October 2001. The soil samples were taken from each hole for porosity determination. All the sensors were then installed in Site #2. 
Site #2 (above the failure scarp portion)
Seven ThetaProbe sensors were installed above the main scarp at three closely spaced nests within 75 cm radius in various depths on 3 October 2001 (Fig. 5) . The data were collected from these instruments through 21 January 2002. The objectives were to monitor the difference in magnitude and timing of the post-failure response with depth, and to compare the response across a relatively short distance.
One sensor (TP1) was installed in nest 1 at the depth of 26 cm, and three sensors in nest 2 and nest 3 at the depth of 12.5, 26, and 51.5 cm from the slope surface. Due to unreliable response of the shallower sensors (TP2-12.5, TP2-26 and TP3-26) to rainfall infiltration in all nests, those sensors were removed for inspection on sealing quality on 17 October 2001. Two sensors were reinstalled few hours later at their respective nest within 10 cm upslope of its previous holes ( 
RESULTS OF FIELD MONITORING Rainfall Characteristics (1) Record of 12 July-30 September 2001
The precipitation record collected during the 2.5-month monitoring period indicates that a total precipitation of 321 mm fell on site; and the majority of the rainfall events occurred within one-month period, i.e. between 9 August and 15 September, with a total precipitation of 220.5 mm (Fig. 6 ).
The July to mid-August period was characterized by high-intensity rainfalls of short duration. Heavy rainfalls were recorded on 17 and 18 July, and 10 August fell at an intensity exceeding 15 mm/hr, and lasted for less than three hours. Rainfalls with longer duration began to occur in the site from the last 10 days of August 2001. A rainfall of 42.5 mm consisting of two pulses occurred in 16 hours on 21 August at a maximum intensity of 10.5 mm/hr. A total precipitation of 62.5 mm fell during 6-7 September, at a maximum intensity of 11 mm/hr. The 14-15
September rainfall was characterized by three pulses of 5-hour rainfalls of a total precipitation 37.5 mm.
(2) Record of 1 October 2001-21 January 2002
These months illustrate well the transition of the rainfall pulses from high to low precipitation and intensities. The record shows that this fourmonth rainfall events dropped a total precipitation of 447 mm in the field site, most of which occurred during the October period (Fig.  7) .
The October rainfall record contains four significant pulses of heavy rainfall of high precipitation, which typically lasted for 8 to 35 hours. The first pulse occurred on 1 October, dropped a total of 36 mm of rainfall at a maximum intensity of 18 mm/hr. The second pulse of rainfall, referred to the 9-10 October heavy rainfall, consisted of a 12-hour steady rainfall at an average intensity of 8.9 mm/hr with a single burst of rainfall at intensity of 21 mm/hr at approximately 26 h. The third rainfall pulse dropped 67 mm of rain in 32 hours between 16 and 17 October, with a single burst at an intensity of 10 mm/hr, occurring 10 hours after the start of the rain. The last pulse of the October rainfall fell between 21 and 22 October, resulting in a cumulative precipitation of 52 mm in 37 hours. In contrast to the October events, rainfalls of lower intensities and shorter durations characterized precipitation events from November 2001 to January 2002. The November events consisted of two significant rainfalls of 30, and 10 mm, occurring during 3 and 6 November, with maximum intensity not exceeding 3.5 mm/hr. Rainfalls varying from 10 mm to 30 mm fell at the site between 4 and 13 December. With the onset of winter rainfall period, a heavy rain dropped a total of 42.5 mm of rain at an average intensity of 2.5 mm/hr during 20-21 January 2002.
Site Hydrological Response
The moisture measurement data associated with significant rainfall events will be used to describe and compare the hydrologic responses of the slope soil to rainfall between two sites. In this paper, the soil hydrological response is described in terms of the degree of saturation and needs to be interpreted in association with antecedent soil condition. The degree of saturation was determined from the measured volumetric water content and the porosity of the soil at each sensor location (Tables 3 and 4) . (1) Hydrologic response of Site #1
The response of the instruments to saturation process in the two nests is presented in Figure 8 along with a plot of the hourly rainfall intensity for all rainfall events. The initial degree of saturation throughout the soil profile prior to major rainfall events lies between 50 and 85%, with the highest initial degree of saturation occurring in the deepest soil.
Comparing the response data between the two nests, a marked distinction between the antecedent moisture condition of nest 1 and 2 is evident. The instruments in nest 1 recorded higher initial degree of saturation than the corresponding instruments in nest 2, indicating that the soil profile at nest 1 appears to have wetter antecedent condition prior to every significant rainfall event than the soils upslope of this nest. Therefore, the response of the soil in nest 1 is more rapid than in nest 2. The response of these instruments shows that the saturation of near surface soils increases more sharply and rapidly than most of deeper soils. However, it is evident in Figure 8 that the intermediate instrument in nest 1 (TP1-51.5) also responded to short but high intensity rainfall events slightly after the shallowest instrument (TP1-12.5) in similar form, while the shallower and deeper instruments (TP1-26 and TP1-76.1) generally did not. The fast response of the intermediate sensor suggests that rainwater infiltrated through a preferential moisture movement such as fractures or macropores in the soil profile, as evidence from field observation on failure main scarp (See Fig. 1 ).
It is also interesting to note that the deepest instrument shows the shortest duration of response, suggesting that the vertical source of moisture contributed less significantly to the deeper part of the soil profile, due to the interception of moisture migration by the higher permeable soil in association with the preexisting crack at the shallower depth; thus, limiting moisture movement further to the greater depth.
(2) Hydrologic response of Site #2
Due to the poor response of sensor TP1-76.1, the response of instrumentation in nest 1 is not presented in this paper. The response of the instruments to the saturation process in the nests 2 and 3 is presented with hourly rainfall intensity for all rainfall events for the period 3 October-29 November in Figure 9 . At the beginning of the monitoring period, the initial degree of saturation throughout the soil profile varies from 70 to 80% with the highest values being recorded in the shallow instruments in all nests.
Referring to Figure 9 , the initial degree of saturation decreases from nest 2 to nest 3 at the corresponding depths, indicating that the soil profile at nest 2 appears to have the wettest antecedent condition prior to every significant rainfall event. The soil samples taken from each sensor location revealed that the soils at each nest have similar porosity (See Table 4 ). Thus, an additional source of moisture could be present close to nest 2 to maintain the antecedent moisture condition in this soil profile.
The response to October rainfall and November rainfall events is obviously not confined to shallow part of the soil profile in all nests. The wetting front was observed to advance to a greater depth. In addition, most rainfall events during these periods have caused the near-surface soil to achieve a nearly full saturation.
The response of instrument in nest 2 was similar to that observed in nest 3; however, several notable distinctions are evident. The deeper instrument in nest 2 recorded higher degree of saturation than the shallow instrument in this nest. These data suggest that in addition to vertical infiltration, a lateral source of moisture contributed to the deeper part of the soil profile. This type of response could be explained by lateral flow though a preferential moisture movement along a fracture or macropore. The pre-existing fractures (See Fig. 1 ) at this depth could be responsible to the response of the sensors in this nest. Another distinct difference is that the response of the instruments appeared to be more sustained than in nest 3. It is also evident that the rate at which the instruments responded more rapidly than those in nest 3. These data suggest that vertical infiltration occurs more rapidly than in nest 3. Thus, the soils at nest 2 are more permeable that those at nest 3. 
DISCUSSIONS
Significance of Antecedent Moisture Content
The following discussion shows how a simple analysis can be used to assess the significance of the antecedent moisture content. Considering a soil column of the stable slope portion in the vicinity of nest 1, a vertical soil depth of 1.32 m, and saturated moisture content of about 0.4 (See Table 1 ), the amount of water required to saturate the soil column corresponds to a total rainfall ranging from 150 to 168 mm for an antecedent moisture content between 0.305 and 0.316 (See Table 2 ). These estimates were calculated under the following assumptions: (1) no fluxes into or out of the soil column other than precipitation at the soil surface; (2) infiltration and moisture migration occur instantaneously; (3) the effect of hysteresis is neglected. Based on these calculations, none of the monitored rainfall would saturate the soil column (Table 5) . Similarly, for a soil column above the main scarp with the depth of approximately 0.9 m, and saturated moisture content of about 0.388 (See Table 2 ), the amount of water needed to saturate the soil column is equal to a total rainfall less than 75 mm for an antecedent moisture content higher than 0.3. Under these soil conditions, all the monitored October rainfalls appear to be higher than the estimated rainfalls, and would have saturated the soil column. However, the response of the deep instrument in nest 2 indicates that the corresponding soil never reached full saturation during the October rainfall events. These inconsistencies, indeed, are due to the simplification of the slope hydrology. Thus, the estimation of the amount of rainfall needed to saturate a particular slope profile considers not only a vertical infiltration alone, but also lateral component of flow.Assuming that the antecedent moisture content prior to 18 June rainfall was about 0.309, the 18 June rainfall of 23.5 mm could increase a moisture content of the 1.5 m thick of soil to 0.324. Thus, the rainfall required to saturate a 1.5 m soil column in Site #2 during the 19-20 June 2001 is about similar to the monitored rainfall event (See Table 5 ). Thus, the antecedent rainfall prior to the 19-20 June rainfall could be considered to have introduced the required antecedent moisture content for the landslide to take place. This illustrates the significance of the antecedent moisture condition in controlling the hydrologic condition leading to landslide initiation.
Factors Controlling the Site Hydrologic Responses
The hydrologic response data of the two sites indicate that the site hydrology is complex, and shows variation in response over very short distances. The soils at Site #2 have higher antecedent moisture content within the near surface soils than those at Site #1. This is due to the fact that Site #2 is evidently more densely covered by grasses and shrubs (see Fig. 2 ), which prevent the loss of soil moisture by evaporation. In Site #1, the hydrologic responses of the lower part of the slope are more dominant and more significant than those of upper part of the slope. This phenomenon suggests that vertical infiltration occurs more rapidly within the soil profile in the lower part of the slope. Meanwhile, in Site #2, the hydrologic response of the soil is specifically controlled by the presence of the distribution of cracks in the soil and the additional source of moisture within the soil profile. Close examination of the monitoring data of nest 2 showed that the response of the intermediate and deeper sensors occurred almost simultaneously. This suggests that the flow condition within the deeper soil profile appeared not only to be characterized by the vertical infiltration alone but also by additional throughand side-flow. The contribution of the throughand side-flow facilitated by the presence of fractures or highly permeable zone within the soil profile provides a preferential path for moisture movement. Based on the observation of the existing seepage face immediately after the June 19-20 slope failure, through-andside-flow may have contributed to the development of a water table within the slope.
CONCLUSIONS
A cut-slope of weathered granite was instrumented with a number of soil moisture content sensors to the hydrologic response of the slope to rainfall. The results of a 6-month fieldinstrumentation program have been used to identify the typical characteristics of the hydrologic response of the slope soil to rainfall and to assess the significance of antecedent soil moisture condition in controlling the hydrologic response of the soil slope. In general, the hydrologic response of the soil is also closely related to the characteristics of rainfall events.
The observed moisture content data for the period of July-September 2001 indicates that the antecedent moisture content of the stable slope soil was lower for the near surface soil than the deeper soil. In general, the antecedent moisture condition increases with depth. The lower portion of the slope tends to have higher antecedent moisture condition than the upper portion. Consequently, the lower portion of the slope exhibits more rapid and more sustained response to saturation process than the upper portion. While the increase of saturation in the lower slope soil could develop at the greater depth, the response of the upper slope soil to saturation process is more or less confined to the shallow depth. These data could suggest that the downslope moisture migration is more dominant than the downward migration in the upper slope soil. The response data also show that the upper slope soil require shorter period to dissipate the increased saturation than the lower soil. As far as the stability of the slope is concerned, therefore, it is necessary to monitor the development of saturation in this lower area.
The moisture content data of the soil above the main scarp for the period of October-January show that the shallower soil exhibits the higher antecedent moisture condition than the deeper soil; and the antecedent moisture condition is lower for the soil further away from the main scarp. The observed soil response to infiltration shows that the near surface soil could reach full saturation. In contrast to the stable slope (Site #1), the soil in the failure area has a slower response time in association with the lower antecedent moisture condition. The ingress of the wetting front could reach more than 90 cm depth during long period of rainfall.
The role of the antecedent soil condition on the hydrologic response of the soil slope has been demonstrated by using the data collected during this study. While the antecedent soil condition has been previously reported in terms of total precipitation and pore-water pressure, the antecedent moisture condition can be directly obtained and assessed using the soil moisture content sensors, such as ThetaProbe sensor. However, this method requires a good method for the determination of soil porosity in order to obtain the corresponding degree of saturation.
The hydrological response of the soil slope observed during this study indicates that the conceptual model of hillslope hydrology is oversimplified. The conceptual model cannot explain the spatial and transient variation of responses over short distance across and along the slope. The presence of highly permeable zone due to fractures within the soil profile and the additional lateral source of moisture also influence soil response to a saturation process.
